The activity of three new, 8-methoxy-nonfluorinated quinolones (NFQs) against multiple-drug-resistant staphylococci was investigated. First, using Staphylococcus aureus strains containing point mutations in the serine 84-80 hot spots of the target genes (gyrA and grlA), cell growth inhibition potencies of the NFQs as a result of DNA gyrase and topoisomerase IV inhibition were estimated and compared with those of known fluoroquinolones. The NFQs and clinafloxacin showed higher affinities toward both the targets than ciprofloxacin, trovafloxacin and gatifloxacin. Furthermore, the ratio of the calculated affinity parameter for DNA gyrase to that for topoisomerase IV was lower in the case of the NFQs, clinafloxacin, and gatifloxacin than in the case of ciprofloxacin and trovafloxacin. These results suggest that the former group of quinolones is better able to exploit both the targets. Next, using clinical isolates of methicillin-resistant S. aureus (MRSA; n ‫؍‬ 34) and coagulasenegative staphylococci (CoNS; n ‫؍‬ 24), the NFQs and clinafloxacin were shown to be more potent (MIC at which 90% of the isolates are inhibited [MIC 90 ] ‫؍‬ 2 g/ml for MRSA and 0.5 g/ml for CoNS) than ciprofloxacin, trovafloxacin, and gatifloxacin (MIC 90 ‫؍‬ 16 to >64 g/ml for MRSA and 4 to >32 g/ml for CoNS). Bactericidal kinetics experiments, using two MRSA isolates, showed that exposure to the NFQs at four times the MIC reduced the bacterial counts (measured in CFU per milliliter) by >3 log units in 2 to 4 h. Overall, the NFQs and clinafloxacin were less susceptible than the other quinolones to existing mechanisms of quinolone resistance in staphylococci.
Quinolones exhibit potent antibacterial activity by targeting DNA gyrase (gyrase) and topoisomerase IV (topo IV), two enzymes that are essential for bacterial growth and survival (4, 6) . Wide variations in the antibacterial potency and spectrum of quinolones are presumably attributable, in part, to their variable affinity toward these molecular targets. Although both gyrase and topo IV can be inhibited by a quinolone, bacterial growth inhibition and death can apparently be accomplished by inhibiting only one of these two targets. For example, a mutation in one of the target genes can reduce the potency of a quinolone like ciprofloxacin by severalfold, while a corresponding mutation in the other target gene may not affect its antibacterial potency (5, 13) . Thus, antibacterial activity of certain quinolones is effectively dependent on one target, thereby increasing the likelihood of resistance development via mutation.
To better explain this phenomenon, it was previously proposed that in certain bacteria, such as Escherichia coli, gyrase is the primary target for quinolones while in others, such as Staphylococcus aureus, topo IV is the primary target (5, 10, 13, 19) . However, in Streptococcus pneumoniae, gyrase and topo IV were shown to be dual targets of clinafloxacin (14) . Thus, it seems appropriate to slightly modify the primary and/or secondary target theory by factoring in the variable affinity of quinolones toward their molecular targets to envision a targetligand-specific phenomenon. The primary target for a given quinolone in a given bacterial species is the one for which it has a higher affinity. If the affinities of a quinolone for the two targets are relatively close, the extent of its exclusive dependence on one target to exhibit its antibacterial activity would be relatively low and the compound would be more likely to partially exploit both the targets. Consequently, the impact of mutations in either target alone would be relatively low in terms of lowering the antibacterial potency of a given quinolone. This appears to be true in the case of clinafloxacin in S. pneumoniae (14) .
Recently, widespread quinolone resistance has been observed in clinical isolates of multidrug-resistant bacteria such as methicillin-resistant S. aureus (MRSA) and coagulase-negative staphylococci (CoNS) (9, 16) . This is in part attributable to point mutations in the gyrA and grlA genes encoding the A subunits of gyrase and topo IV (7, 8, 15, 17) . Thus, the effectiveness of newer quinolones against these pathogens will depend on their ability to (i) overcome existing resistance due to specific point mutations and (ii) inhibit both the targets simultaneously, thereby lowering the likelihood of stepwise, de novo resistance development. In this report, we describe the activity of three 8-methoxy-nonfluorinated quinolones (NFQs) (Fig. 1 
MATERIALS AND METHODS
Materials and bacterial strains. Ciprofloxacin was purchased from Miles, Inc. (West Haven, Conn.). All other benchmark and test quinolones were synthesized in-house. Laboratory-generated mutants of S. aureus used in this study were obtained from David C. Hooper (Massachusetts General Hospital [2, 13] ). Strain ISP794 was the quinolone-sensitive parent strain used to construct genetically engineered mutants. Strain SS1 contained a point mutation (Ser84-Leu) in the gyrA gene coding for the A subunit of gyrase. Strain MT5224c4 contained a point mutation (Ser80-Phe) in the grlA gene coding for the A subunit of topo IV. Strain EN1252a was a double mutant containing both the gyrA and the grlA mutations mentioned above. Clinical isolates of MRSA and CoNS were obtained from major hospitals in the greater Cincinnati, Ohio, area (Health Alliance Laboratories). The isolates were collected from patients during the spring and fall of 1998.
Whole-cell target inhibition. Colonies from overnight cultures were resuspended in brain heart infusion (BHI) broth to produce an optical density (OD) of 0.1 at a 600-nm wavelength with a theoretical yield of 10 8 CFU/ml of broth. These cultures were further diluted 200-fold with BHI broth to produce an expected cell density of Ϸ5 ϫ 10 5 CFU/ml. The bacterial cultures along with antibacterial agents (in twofold serial dilutions) were transferred into microtiter plates. Each sample was tested in duplicate. To measure bacterial growth kinetics, the plates were incubated at 37°C in a THERMOmax microplate reader (Molecular Devices, Menlo Park, Calif.), which was programmed to read the OD of the cultures in the wells at 600 nm every 15 min (with shaking) for up to 24 h. The data were recorded using SOFTmax software (Molecular Devices) and then converted into an Excel spreadsheet to generate time course curves.
MICs. Microtiter plates with bacterial culture and test compounds were incubated in BHI broth at 37°C overnight (18 to 24 h), and the MIC was recorded as the lowest concentration of the compound inhibiting visible growth of bacteria (12) . In analyzing multiple isolates of MRSA and CoNS, the MIC 50 and MIC 90 were defined as the minimum compound concentration at which growth of Ն50 and Ն90%, respectively, of the strains was inhibited. To measure the bactericidal kinetics of the test compounds, log-phase cultures, starting with Ϸ5 ϫ 10 5 CFU of MRSA isolates/ml, were incubated in Mueller-Hinton broth at 37°C with shaking in the presence of test compounds at one, two, four, and eight times the MIC. Bacterial colonies were counted over time by the colony count method using a Spiral Plater (Spiral Biotech, Inc., Bethesda, Md.).
RESULTS
Whole-cell target inhibition assay. To monitor the effect of quinolones on cell growth at concentrations below and above the MIC, the MICs of these compounds for the S. aureus mutants were initially determined (Table 1) . Next, time course curves of cell growth at different concentrations of the quinolones were generated. Based on these data, growth after 10 h of incubation, corresponding to the onset of the stationary phase, appeared to be an optimal indication of partial inhibition by ciprofloxacin. Using the 10-h time point, the OD at 600 nm was plotted against different concentrations of ciprofloxacin for each mutant in comparison to the parent strain (Fig. 2) . Data presented in Fig. 2A show that there was no effect of the gyrA mutation (Ser84-Leu) on the potency of ciprofloxacin as judged by the inhibition of cell growth. These data are consistent with the notion that gyrA is not a primary target for ciprofloxacin in S. aureus (13) and suggest that the inhibitory concentration range for gyrase is higher than that at which ciprofloxacin inhibits cell growth via topo IV inhibition. Figure 2B shows the effect of the grlA mutation (Ser80-Phe) on the potency of ciprofloxacin. Unlike the mutation in gyrA, the grlA mutation had a major effect on reducing the potency of ciprofloxacin. With topo IV (grlA) mutated, ciprofloxacin could cause cell growth inhibition using either gyrase or the mutated form of topo IV as a target. Figure 2C shows the effect of mutation in both the gyrase and the topo IV genes. A comparison of Fig. 2B and C shows that when only topo IV is mutated, ciprofloxacin inhibits growth at Ն0.25 g/ml, whereas when both gyrase and topo IV are mutated, there is no detectable inhibition at ciprofloxacin concentrations of Յ4 g/ml. This suggests that when only topo IV is mutated, gyrase is the target via which ciprofloxacin mediates its inhibitory effect. Thus, the growth inhibition profile of the topo IV mutant (strain MT5224c4) reflects that of gyrase as the target, while the growth inhibition profile of the gyrase mutant (strain SS1) reflects that of topo IV as the target. Based on this analysis, the concentration of ciprofloxacin at which it inhibits 50% of cell growth is 0.5 g/ml when gyrase is the target and 0.05 g/ml when topo IV is the target ( Fig. 2A and B and Table 2 ). This number is used in this study as a parameter to gauge the effective potency of quinolones toward the molecular targets as reflected in cell growth inhibition and is termed 50% effective target inhibition (ETI 50 ). The assumptions underlying this analysis of quinolone potency against molecular targets are that (i) wild-type gyrase and topo IV are the only molecular targets of quinolones in S. aureus and (ii) serine hot spot mutations in either one of these targets leave the other target as the primary one via which cell growth inhibition occurs. b Ranges are shown when traces of bacterial growth were observed with the lower concentration of the test compound. PGE9509924 was used as a racemic mixture in this experiment.
Using the methodology described above, ETI 50 values for several quinolones were estimated and are summarized in Table 2. The ETI 50 values for topo IV were compared with the published concentrations at which 50% of S. aureus topo IV activity was inhibited (IC 50 ) by ciprofloxacin, gatifloxacin, and clinafloxacin (18) , and a linear correlation was observed (Fig.  3) , suggesting that the ETI 50 values for topo IV could be used as a parameter to ascertain the affinity of a quinolone toward this target, in lieu of the IC 50 values generated using the purified form of the enzyme.
Activity of the NFQs for MRSA and CoNS. To study the in vitro potencies of the NFQs and several other antibacterials against MRSA isolates, MICs of these compounds were determined and summarized in Table 3 . A high level of resistance (33 of 34 isolates) was observed not only to ciprofloxacin (MIC 90 ϭ Ͼ64 g/ml) but also to newer quinolones such as trovafloxacin (MIC 90 ϭ 32 g/ml) and gatifloxacin (MIC 90 ϭ 16 g/ml). Figure 4A presents the cumulative susceptibility of the MRSA isolates to the NFQs and four other quinolones included in this study. Figure 4B shows the percentage of MRSA susceptibility at 1-and 2-g/ml concentrations. These data suggest that the NFQs and clinafloxacin are more potent than ciprofloxacin, trovafloxacin, and gatifloxacin against MRSA. In vitro potency results, obtained with CoNS isolates from blood and surface wound infections, are summarized in Table 4 . Based on the MIC 90 values, the NFQs and clinafloxacin were Ͼ64-, 32-, and 8-fold more potent than ciprofloxacin, trovafloxacin, and gatifloxacin, respectively, against CoNS.
FIG. 2.
Effects of gyrA and grlA mutations on S. aureus cell growth in the presence of ciprofloxacin. With OD 600 after a 10-h incubation (described under Materials and Methods), cell growth of strains SS1 (gyrA; Ser84-Leu) (A), MT5224c4 (grlA; Ser80-Phe) (B), and EN1252a (gyrA, Ser84-Leu; grlA, Ser80-Phe) (C) were compared with that of the parent strain ISP794. Error bars represent standard deviations due to well-to-well variations in results. These and similar data with all the quinolones included in this study were used to generate the ETI 50 values. Fig. 2A and B 
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To further analyze the relative potencies of the NFQs and other quinolones against MRSA isolates with higher levels of quinolone resistance, isolates (n ϭ 23) for which a trovafloxacin MIC was Ͼ2 g/ml were studied. The relative MIC of a quinolone for each isolate was calculated by dividing the MIC by the highest MIC of that quinolone for this set of MRSA isolates. Relative MICs for these 23 isolates were either 1/16, 1/8, 1/4, 1/2, or 1/1. As shown in Bactericidal kinetics. The NFQs were compared with trovafloxacin and clinafloxacin in bactericidal kinetics experiments using two MRSA isolates, Mi407 and Mi414. Like other quinolones (3), the NFQs demonstrated concentration-dependent killing kinetics. Results from experiments using four times the MIC of the test compounds are shown in Fig. 6 . Against Mi407, all three NFQs and clinafloxacin showed a rapid bactericidal effect by reducing the bacterial count by Ͼ10,000-fold (to Ͻ10 CFU/ml) in Յ2 h of incubation, while trovafloxacin reduced the number of CFU per milliliter by approximately 100-fold in 6 h (Fig. 6A) . Against Mi414, the NFQs and clinafloxacin reduced the bacterial count by Ͼ1,000-fold in Յ4 h, while trovafloxacin had a similar effect as in the case of Mi407 (Fig.  6B) . The level of quinolone resistance was higher in Mi407 than in Mi414, as judged by the MICs (see the legend to Fig.  6 ). These data suggest that irrespective of the level of quinolone resistance, the NFQs and clinafloxacin have a potent bactericidal effect against the MRSA isolates used in this study.
DISCUSSION
Based on the MIC analysis, the NFQs and clinafloxacin are more potent than ciprofloxacin, trovafloxacin, and gatifloxacin against different mutants of S. aureus (Table 1) . These data are consistent with the ETI 50 data suggesting that the NFQs and clinafloxacin have higher potency against the two known molecular targets, gyrase and topo IV, than the other quinolones used in this study (Table 2) . While similar conclusions could be reached from the MIC data presented in Table 1 , the ETI 50 analysis provides a more sensitive and accurate estimation of effective target inhibition, since these values are derived from regression analyses of data corresponding to a range of drug concentrations that cause partial inhibition of a target leading FIG. 4 . Cumulative susceptibility of the MRSA isolates to the NFQs and other quinolones. Percent susceptibility through the whole range of concentrations (A) and at 1-and 2-g/ml concentrations (B) is shown. to partial inhibition of cell growth. Variations in the partial target inhibition profile, potentially detectable in the ETI 50 analysis, may not necessarily lead to a variation in potency as judged by the MIC analysis, which reflects complete growth inhibition. In addition, the correlation between the ETI 50 (topo IV) values and the previously reported IC 50 (topo IV) values (18) (Fig. 3) suggests that ETI 50 could be a useful whole-cell parameter to gauge quinolone potency toward topo IV. The ETI 50 (gyrase)/ETI 50 (topo IV) ratio could be an important factor in potential resistance development. The higher the ETI 50 (gyrase)/ETI 50 (topo IV) ratio, the higher is the likelihood that in a sensitive strain of S. aureus, the antibacterial potency of a given quinolone is dependent on only one target, i.e., topo IV. This phenomenon was evident in the case of ciprofloxacin, which showed no detectable effect in cell growth inhibition kinetics in the gyrA mutant (SS1) relative to the parent strain (ISP794) (Fig. 2A) . A similar observation was made with respect to trovafloxacin (data not shown). Theoretically, a relatively high ETI 50 (gyrase)/ETI 50 (topo IV) ratio could also lead to a relatively high level of potency reduction via a first-step mutation in topo IV (grlA). As shown in Table 2 , the ETI 50 (gyrase)/ETI 50 (topo IV) ratios range from 3 to 4 for the NFQs, clinafloxacin, and gatifloxacin, and from 10 to 16 for ciprofloxacin and trovafloxacin. While the ETI 50 ratios suggest that for both groups of quinolones the effective target potency is higher toward topo IV than toward gyrase, it is likely for the former group of quinolones that in a sensitive strain of S. aureus both gyrase and topo IV are inhibited simultaneously, albeit to varying degrees. Thus, the primary and/or secondary target concept appears less applicable in the case of these compounds in that mutations in either target gene could lead to relatively low levels of increase in the MIC, as shown in Table 1 . However, whether the potential advantage of dual-target inhibition in S. aureus will translate into an advantage for the NFQs in the development of resistance in vivo will depend on favorable pharmacodynamic parameters, such as area under the concentration-time curve/MIC 90 and maximum concentration of drug in serum/MIC 90 ratios.
Results using the S. aureus mutant strain EN1252a (gyrA: Ser84-Leu; grlA: Ser80-Phe) suggest that, compared to other quinolones, the NFQs and clinafloxacin are more potent against strains with the serine hot spots mutated in both gyrA and grlA (Table 1) . Relative to the parent strain (ISP794), MICs of ciprofloxacin, trovafloxacin, and gatifloxacin for EN1252a were elevated 64-to 128-fold, while those of the NFQs and clinafloxacin were elevated 8-to 16-fold. Mutation in the serine-aspartate hot spots in gyrA and grlA is a mechanism by which MRSA isolates are known to develop quinolone resistance (17) . All but one of the 34 MRSA isolates tested in this study appeared resistant to currently marketed quinolones. Consistent with the ETI 50 results, the NFQs and clinafloxacin were much more potent than other quinolones used in this study ( Table 2) .
The DNA sequences of the quinolone resistance-determining regions of two MRSA isolates, Mi407 and Mi414, were FIG. 5 . Correlation of relative susceptibilities of MRSA isolates with high levels of quinolone resistance. These isolates were chosen based on the MIC of trovafloxacin (Ͼ2 g/ml, i.e., in the 4-to 32-g/ml range). Linear regression analyses were performed with data points correlating the relative MICs of PGE9509924 with those of PGE9262932, PGE4175997, and trovafloxacin.
FIG. 6. Bactericidal kinetics of the NFQs, trovafloxacin, and clinafloxacin at four times the MIC. Results using two isolates of MRSA, Mi407 (A) and Mi414 (B), are shown. PGE9509924 was used as a racemic mixture in this experiment.
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on June 23, 2017 by guest http://aac.asm.org/ found to have the known Ser84-Leu and Ser80-Phe mutations in gyrA and grlA, respectively. For Mi414, MICs of ciprofloxacin, trovafloxacin, and gatifloxacin are in the 4-to 16-g/ml range, while MICs of the NFQs and clinafloxacin are in the 0.25-to 0.5-g/ml range. Overall, these results are consistent with those obtained with strain EN1252a (gyrA, Ser84-Leu; grlA, Ser80-Phe) ( Table 1) and suggest that the level of the observed quinolone resistance is due to mutations in the target genes. However, for Mi407, MICs of ciprofloxacin, trovafloxacin, and gatifloxacin are in the 16-to Ͼ64-g/ml range, while MICs of the NFQs and clinafloxacin are in the 1-g/ml range. Since Mi407 has the same mutations in the quinolone resistance-determining regions as Mi414, these data suggest that additional mechanisms of quinolone resistance are responsible for this higher level of quinolone resistance. However, unlike in the case of ciprofloxacin, trovafloxacin, and gatifloxacin, these additional mechanisms appear less effective in causing high-level resistance to the NFQs and clinafloxacin. The efflux pump NorA has been implicated in fluoroquinolone resistance in S. aureus (11) . The MIC data for SA1199B, a norA-overexpressing mutant of S. aureus, suggest that overexpression of NorA leads to a 2-to 4-fold increase (relative to the parent strain SA1199) in MICs of all the quinolones used in this study, except ciprofloxacin (16-fold increase) (data not shown). It is therefore possible that an efflux mechanism, along with point mutations in the target genes, is responsible for higher levels of quinolone resistance in MRSA. However, the relative MIC analysis using strains with higher levels of quinolone resistance (trovafloxacin MIC, Ͼ2 g/ml) revealed an interesting possibility (Fig. 5 ). This analysis was done with the notion that if the variation in quinolone potency against these strains was due to variable expression of a resistance mechanism, such as an efflux pump, then the potency of one quinolone should have varied in proportion to that of another, assuming the substrate preference of the putative efflux pump did not change with its level of expression. Thus, a linear correlation between the relative MICs of the NFQs was not surprising. However, the lack of such a correlation between the relative MICs of PGE9509924 and that of trovafloxacin (as well as gatifloxacin and clinafloxacin) showed that the MICs of the NFQs could vary in a disproportionate manner relative to other quinolones for these MRSA strains. For example, the MIC of trovafloxacin was eightfold higher for one particular MRSA strain than another, while the corresponding MIC of PGE9509924 remained unchanged. This suggests that certain resistance mechanisms might be effective against one group of quinolones and not another. Further research is needed to shed light on the molecular basis for this observation.
In summary, the NFQs reported in this study have higher affinities for both the molecular targets, gyrase and topo IV, than ciprofloxacin, trovafloxacin, and gatifloxacin. In addition, the NFQs, clinafloxacin, and gatifloxacin appear to inhibit both the molecular targets more evenly than ciprofloxacin or trovafloxacin. The NFQs have higher potency against quinoloneresistant staphylococci than other quinolones such as ciprofloxacin, trovafloxacin, and gatifloxacin and are comparable to clinafloxacin. Bactericidal activity of the NFQs and clinafloxacin is unaffected by the level of quinolone resistance. Overall, the NFQs and clinafloxacin appear to be relatively unaffected by preexisting and characterized mechanisms of quinolone resistance in MRSA.
